Although the electrophysiological properties of intramural ventricular myocardial cells are important to an understanding of cardiac excitation and conduction, they have not been well defined. The paucity of information stems from limitations on the depth of penetration by glass microelectrodes and from difficulties in perfusing the deep layers. Therefore, a tissue slicing technique that satisfactorily exposes all the layers of a papillary muscle specimen from the endocardium to the epicardium was developed for electrophysiological examination. Glass microelectrodes were then used to explore these slice preparations to define the electrophysiological characteristics of intramural cells in the normal dog. Transmembrane potentials recorded from subendocardial and deep myocardial cells in the papillary muscle slices were comparable to those recorded from standard preparations. Similarities included action potential duration and configuration, relationships among resting potential, action potential configuration, and extracellular potassium concentration, and dependency of action potential duration on cycle length. However, the average magnitudes of measured electrophysiological characteristics were consistently greater in the subsurface cells tested in papillary muscle slices than they were in the surface cells tested in the standard preparations, i.e., resting potential was 2-4 mv more negative, action potential amplitude was 7-9 mv larger, and maximum rate of voltage change (maximum dV/dt) was 40-140 v/sec larger. Deep myocardial tissues also exhibited enhanced responsiveness (the curve relating activation potential to maximum dV/dt of the response shifted up and to the left), cell populations with large maximum dV/dt, and estimated conduction velocities in excess of three times those in the surface cell layers. These findings provide a reasonable explanation for (I) discrepancies between previously reported values for ventricular conduction velocity. (2) rapid impulse spread to the papillary muscle tip. and (3) bidirectional activation of the papillary muscle and large trabeculae. They also suggest the possibility of functional pathways that facilitate rapid activation of the deep myocardial lavers.
terized using intracellular microelectrodes (1) and various surface recording techniques (2) . Information about the electrical properties of intramural cells is much more limited despite its obvious importance to an understanding of cardiac excitation and conduction. The paucity of available information stems from inherent limitations of the microelectrode technique. Subsurface recordings are restricted to those obtained by advancing the microelectrode through the endocardial and epicardial surfaces into successively deeper cell layers. Even in skilled hands, the practical depth of penetration by this method is limited to 10-15 cell layers by both the strength of the microelectrode and the difficulties in achieving and maintaining adequate perfusion of subsurface areas.
Available information about the electrophysiological characteristics of intramural cells has been obtained principally by the multipolar plungeelectrode technique (3) . This technique permits definition of the sequence of ventricular activation (3) (4) (5) (6) (7) (8) , estimates of ventricular conduction velocity (4, 5, 9, 10) , and determination of the changes in these variables resulting from ischemia (10) (11) (12) . It does not, however, allow delineation of the electrophysiological properties of individual intramural cells, even though these properties determine the functional characteristics of the ventricular myocardium.
Successful examination of fundamental properties such as resting potential, action potential characteristics, responsiveness, and conductivity requires the development of a satisfactory method of exposing intramural cell layers for glass microelectrode examination. Systematic studies using cut specimens of ventricle have not been performed, partly because of uncertainties about the changes in activity that result from injury. However, experimentally injured sheep Purkinje fibers (13) and toad ventricular muscle cells (14) completely heal over within 2 and 12 minutes, respectively, following cutting, suggesting that such fears might be groundless. Use of specimens, such as papillary muscles, in which the component fibers are arranged parallel to the longitudinal axis (15) might further minimize damage due to cutting. Also, extensive histological (16) (17) (18) (19) (20) (21) and biochemical (21) (22) (23) (24) (25) studies of papillary muscle preparations have been made, and they afford the opportunity for correlation with electrophysiological properties.
The present study describes a technique for preparation of transmural papillary muscle slices so that all cell layers from the endocardium to the epicardium are exposed for electrophysiological study. The validity of the technique and its applicability to other portions of the ventricle, including free wall and septum, are assessed. In addition, the electrophysiological properties of subendocardial and deep myocardial cells within the normal dog papillary muscle are defined.
Methods

PREPARATION OF SPECIMENS
In Situ.-Sixteen mongrel dogs (15-25 kg) were anesthetized with sodium pentobarbital (30 mg/kg, iv). A thoracotomy was performed through the fourth left intercostal space, the heart was exposed, and the pericardium was reflected; the heart was then rapidly excised. The atria were resected, and the ventricles were rinsed in modified Tyrode's solution, which had been previously equilibrated with 95% O 2 -5% CO 2 . The left ventricular cavity was opened and the anterior and posterior papil-lary muscles were excised together with their attached strands of Purkinje fibers (Fig. 1A) . Right ventricular papillary muscles and specimens of ventricular free wall and interventricular septum were similarly excised.
In Vitro.-Two types of preparations-standard endocardial and epicardial surface preparations and papillary muscle slices-were used for microelectrode examination.
Electrophysiological studies on surface cells were performed on standard preparations (26) of the endocardium and the epicardium. Endocardial specimens were prepared by isolating papillary muscles from the underlying left ventricular wall. Specimens were approximately 20 x 30 x 1-2 mm and included the entire tip and the majority of the papillary muscle surface. Specimens of ventricular epicardium were prepared by resecting 10 x 20 x 1 mm strips from the region overlying the respective papillary muscles.
Transmural papillary muscle slices ( Fig. IB) were prepared using a cleaned, sharp, unused razor blade. A cut parallel to the long axis of the papillary muscle from the endocardium to the epicardium was made with a single stroke of the blade. The plane surface thus created was designated face 1. A second cut was then made less than 1 mm away from and in a plane parallel to the first cut, creating face 2. The resulting tissue slice was similar to that which has been used for histological examination of comparable specimens (27); it exposed all layers of papillary and adjacent ventricular muscle from the endocardium to the epicardium. Comparable slices were prepared from right ventricular papillary muscles and from specimens of left and right ventricular free wall and interventricular septum for comparison purposes.
The papillary muscle slice was arbitrarily divided into two general zones with an intervening buffer area (Fig.  1C ). Cell layers extending to a depth of 0.5-0.75 mm beneath the endocardial surface were designated the subendocardial zone. Layers extending intramurally from approximately 1 mm beneath the endocardial surface were designated the deep myocardial zone. Cell layers within the region between the subendocardial and deep myocardial zones constituted the buffer zone, which was approximately 0.25 mm wide.
With face 1 upward, tissue slices were affixed using stainless steel insect pins, to the waxed bottom of a 15-ml acrylic perfusion chamber. Endocardial and epicardial surface preparations were similarly affixed. The chamber was perfused at a constant rate of approximately 10 ml/min with modified Tyrode's solution containing (HIM): NaCl 137.0, NaHCO 3 12.0. dextrose 5.5, Na-H 2 P0« 1.8, MgCl 2 0.5, CaCl 2 2.7, and KC1 4.0. Both the stock Tyrode's solution and the Tyrode's solution in the tissue bath were equilibrated with 95% O 2 -5% CO 2 . Bath temperature was maintained at 37°C by passing the Tyrode's solution through a glass heat exchanger.
STIMULATING AND RECORDING SYSTEMS
Preparations were stimulated at regular rates by rectangular d-c pulses of variable amplitude and duration. Stimuli were provided by pulse and wave-form generators (Tektronix 161 and 162), passed through radio-frequency oscillators that were isolated from ground (Bioelectric Instruments Type ISA), and delivered through bipolar silver-wire electrodes that were Teflon coated except for 
FIGURE 1
A: Cutaway view of left ventricular cavity; broken lines indicate the approximate area excised for study. B: Schematic representation of a papillary muscle with the slice still in place; face I and face 2 indicate surfaces created by the first and second cut, respectively. C: Typical papillary muscle slice with face 1 up. It is arbitrarily divided into a subendocardial zone (SEZ) extending 0.5-0.75 mm beneath the endocardium, a deep myocardial zone (DMZ) extending intramurally from I mm beneath the endocardium, and an intervening buffer zone (B) approximately 0.25 mm in width. The arrow in the deep myocardial zone indicates the general direction and the parallel orientation of fibers to the long axis of the papillary muscle. Muscle fibers in the subjacent ventricular free wall are randomly arranged. AV = atrioventricular, Endo. = endocardium, and Epi. = epicardium. See text for further discussion.
their tips. The electrodes were spaced 1-2 mm apart and were either inserted into the preparation or placed in contact with its surface. Normal driving stimuli were 0.5-2 msec in duration and 3-5 v in magnitude.
Transmembrane potentials were recorded using rigidly mounted, machine-pulled, glass capillary microelectrodes filled with 3M KC1. Tip potentials were less than 5 mv, and d-c resistances varied between 15 and 30 megohms. Electrical connection between the 3M KC1 in the electrode and the amplification system was made with a 3M KCl-silver chloride-silver junction. A large indifferent electrode filled with 3M KC1 was in contact with the Tyrode's solution in the bath and connected to ground via a similar 3M KCl-silver chloride-silver junction. The microelectrodes were coupled to a conventional highinput impedance cathode follower with input capacity neutralization capability (Bioelectric Instruments NF-1). The output of the follower was displayed on a dual-beam cathode ray oscilloscope (Tektronix RM565) and distributed to an operational amplifier (Tektronix type 0), which differentiated the voltage signal linearly between 0 and 700 v/sec. The differentiated signal was simultaneously displayed on the same oscilloscope.
Records of the transmembrane potentials and the first derivative of the voltage change with respect to time were calibrated by introducing a voltage ramp of known amplitude and rising velocity (100 mv and 100, 200, or 500 v/sec, respectively) between the bath and the electrical ground across a 200-ohm resistor. The calibrating voltage ramp was obtained from either a Tektronix timebase amplifier (28) or an electrophysiological calibration unit designed for the purpose (29) . Time calibration was provided by the output of a time-mark generator (Tektronix 180A). Records were photographed on 35-mm linograph ortho film with a standard oscilloscope camera (Grass Kymograph C4N).
EXPERIMENTAL TECHNIQUE
Transmembrane potentials were recorded from subendocardial and deep myocardial zones of papillary muscle slices and from standard endocardial and epicardial surface preparations when no stimulation was provided and during stimulation at regular rates, usually 95 beats/min (cycle length 630 msec). An average of ten recordings from each zone in each preparation were taken. Nine parameters were examined and compared: (1) resting potential, (2) action potential amplitude, (3) maximum rate of voltage change (maximum dV/dt) during phase 0 of the action potential, (4) action potential duration, (5) the relationship between extracellular potassium concentration ([K + ] o ) and the level of the resting potential, (i.e., resting potential vs. log [K + ] o ), (6) cycle-length dependence of action potential duration, (7) conduction velocity estimated from interelectrode conduction time, (8) membrane responsiveness, i.e., the relationship between maximum dV/dt and membrane potential at the moment of excitation (30) , and (9) occurrence of normal automaticity and spontaneous activity due to other causes (31) .
Transmembrane Potential Characteristics.-Resting potential was measured just prior to inscription of the action potential upstroke. To minimize error due to changes in tip potential, the zero reference potential was carefully checked before and after each impalement. Records were accepted only if the zero reference level had shifted by less than 3 mv. Maximum dV/dt during phase 0 of the action potential was obtained by electronic differentiation. Action potential configuration and duration were assessed by the time elapsed between the midpoint of the action potential upstroke and the attainment of the -40-, -60-, and -80-mv levels of potential during re polarization.
Potassium Dependence of Resting Potential.-The dependence of the resting potential of cells in the papillary muscle slices on [K + i, was assessed by varying the [K + ] of the perfusate; [K + ] of 2, 4, 7, 12, 20, and 40 mM were prepared by adding the requisite amount of 1M KC1 to the stock Tyrode's solution. Since the changes in net ionic concentrations were relatively small (less than 20% for the 40 mM KC1) no allowances were made for osmolar-ity changes. Values for resting potential were determined after equilibration with each [K + ] o for approximately 15 minutes and after the newly attained level of potential had remained unchanged for at least 5 minutes. Resting potential was then plotted as a function of log [K + ] o (32) .
Cycle Length-Dependent Changes in Action Potential Duration.-Action potential duration of surface cells in standard preparations depends on the cycle length (32) . The relative cycle length dependence of action potential duration for subendocardial and deep myocardial zone cells in the papillary muscle slices and for endocardial and epicardial cells in the standard surface preparations was assessed by determining the time required to repolarize to -60 mv at cycle lengths ranging between 250 and 2,000 msec. Plots were then made of action potential duration vs. cycle length for the different zones.
Conductivity.-Interelectrode conduction time was used as an index of conductivity. Determinations of conduction time were made by defining the duration of the interval between the midpoints of action potential upstrokes recorded from cells located approximately 5 mm apart and in a straight line with the stimulating electrodes. Interelectrode distances were estimated at a magnification of lOx with a dissecting microscope (Zeiss 10-60X). Stimulating electrodes were positioned near the end of the epicardial muscle strips and at the base of the papillary muscle in the endocardial surface and papillary muscle slice preparations. Electrodes were placed at the base of the papillary muscle in order to minimize the influence of impulse spread in endocardial Purkinje fibers on determinations of interelectrode conduction time through the ventricular muscle (33, 34) . The effect of fiber geometry on conductivity was assessed by comparing values obtained when the recording electrodes were positioned parallel and perpendicular to the long fiber axis in the deep myocardial zone of the papillary muscle slice.
Responsiveness.-Membrane responsiveness (30) was examined for the different fiber groups by introducing premature stimuli at selected levels of membrane potential during phases 3 and 4 of the action potential. Premature stimuli were generally 3-4 msec in duration and 5-10 v in magnitude and were delivered during every eighth basic driving cycle. The values for maximum dV/dt were plotted as a function of membrane potential at excitation.
Automaticity.-The occurrence of normal automaticity in endocardial Purkinje fibers and spontaneous activity due to other causes at any site was sought when the preparations were not stimulated and when they were stimulated at low rates (cycle length 2,000 msec or longer). The effects of catecholamines on spontaneous phase 4 depolarization were assessed in cells from all preparations by the addition of 0.001M epinephrine directly into the bath (bath concentration 2.0 jig/ml). The sites of automatic activity were defined.
DATA COMPARISON
Measurements for statistical comparisons were obtained only after equilibration of the specimen with Tyrode's solution for at least 30 minutes. This precaution was necessary because recordings obtained from both papillary muscle slices and standard surface preparations at the time of their initial placement in the tissue bath revealed evidence of fiber depression including less negative resting potential, reduced action potential amplitude and maximum dV/dt, altered action potential configuration, and rapid spontaneous activity. These changes disappeared following superfusion with oxygenated Tyrode's solution for 15-20 minutes.
Measured values for the various electrophysiological parameters in cells from the subendocardial and the deep myocardial zones in the papillary muscle slices and from endocardial and epicardial surface cells in standard preparations were compared statistically. Experimental means ± SD were computed for each parameter in each experiment. Composite means ± SE were computed by averaging all experimental means. Experimental values were normally distributed. Group t-test comparisons were made to test the probability that differences in the measured parameters occurred by chance. All calculations were performed and the data were processed using FOCAL (35) language programs executed on a Digital Equipment Corporation PDP-15 computer.
Results
TRANSMEMBRANE POTENTIAL CHARACTERISTICS
Transmembrane potentials recorded from myocardial cells in the subendocardial and deep myocardial zones of the papillary muscle slices (Fig.  2) were substantially similar to those recorded from surface and subsurface cells in standard preparations of dog endocardium and epicardium, both in this study (Figs. 2 and 3) and in studies by others (32) . In addition, the overall values for the measured electrophysiological characteristics of cells in the papillary muscle slices were within the range of normal determinations for cells in the standard surface preparation (Table 1) . Although the values for cells in the papillary muscle slices reported in this study were obtained from left ventricular papillary muscles, no significant electrophysiological differences were found between these cells and cells in similar locations in right ventricular papillary muscles.
Resting Potential.-Phase 4 (resting potential) was stable in all muscle cells in all zones of the papillary muscle slices and in the standard surface preparations. The range of values for resting potential of cells in papillary muscle slices was comparable to that for endocardial and epicardial cells in standard preparations ( Table 1 and Fig. 2 ). The average resting potential for subendocardial and deep myocardial zone cells in the papillary muscle slices was more negative than that for surface cells.
Resting potential for endocardial and epicardial surface cells in standard preparations averaged -82 mv and -83 mv, respectively. Advancing the microelectrode from the endocardial surface into successively deeper subsurface layers did not reveal major differences in resting potential; the recorded values generally were within 4 mv of each Representative records from endocardial and epicardial cells in standard surface preparations (A) and from subendocardial zone (B) and deep myocardial zone (C) cells in a papillary muscle slice together with schematic diagrams of preparations designed to show relative positions of stimulating electrodes (xx) and recording glass microelectrodes (V other (Fig. 3 ). However, values for resting potential from the outermost layer of subendocardial and deep myocardial zone cells in the papillary muscle slice averaged -86 mv and -85 mv, respectively. Differences between average resting potential of cells in the two zones of the papillary muscle slices and the endocardial and the epicardial cells in standard preparations were significant at the P < 0.01 level. The dependence of the resting potential of the subendocardial and the deep myocardial cells in the papillary muscle slices on [K + ] o was assessed by defining the changes in resting potential in response to changes in [K + ] o . Although the changes in potential occurred rapidly, values for resting potential were recorded only after the level of potential was stable for at least 5 minutes. Figure 4 shows a plot of resting potential as a function of log [K + ] o . For [K + ] between 12 DIM and 40 mM, the relationship was linear and closely approximated values predicted from the Nernst equation for a K + electrode (30) . The relationship deviated from linearity at [K + ] between 2 mM and 12 mM. Over the linear portion of the curve the change in resting potential for a tenfold increase in [K + ] was 61 mv.
Action Potential.-The amplitude and voltage time course of repolarization of action potentials recorded from cells in the papillary muscle slices were comparable to those recorded from cells in the standard surface preparations ( Fig. 2 and Table  1 ). The only apparent differences were the larger maximum dV/dt and the longer action potential duration exhibited by the subendocardial and the deep myocardial zone cells in papillary muscle slices.
Action potential amplitude for both endocardial and epicardial muscle cells in standard preparations averaged 100 mv (Table 1) . No major differences were observed when the microelectrode was advanced from the endocardial surface into the subsurface layers ( Fig. 3) . The average amplitude of action potentials recorded from cells in the subendocardial and deep myocardial zones of papillary muscle slices was somewhat larger, averaging 109 and 107 mv, respectively.
Differences between the average action potential amplitude from papillary muscle slice cells and that from cells in the standard preparations were significant at the P < 0.005 level; these differences were similar to those found for resting potential.
Maximum dV/dt of phase 0 varied widely for cells within a given myocardial zone and for cells in the different myocardial zones (Table 1) ard preparations averaged 104 and 133 v/sec, respectively. Average values for subsurface cells in standard endocardial preparations tended to decrease slightly as the microelectrode was advanced into successively deeper layers. In the example shown in Figure 3 , maximum dV/dt gradually declined from a peak value of 105 v/sec in the outermost muscle layer (B) to 50 v/sec in cell layers 9 and 11 (E and F). Average maximum dV/dt of cells in all zones of the papillary muscle slices were higher than those for surface cells in standard preparations ( Table 1) . Values for subendocardial and deep myocardial zone cells in papillary muscle slices averaged 170 and 241 v/sec, respectively. Differences between values for cells in the papillary muscle slices and surface cells in standard preparations were also significant (P < 0.001).
Maximum dV/dt in 10-15% of the cells in the deep myocardial zone of papillary muscle was in excess of 300 v/sec; values in excess of 400 v/sec also were observed. Figure 5 shows representative records from cells in four different preparations with maximum dV/dt of 330, 445, 470, and 490 v/sec, respectively. Such cells were invariably located at the base of the papillary muscle, approximately 10-14 mm from its tip, and close to the papillary muscle-ventricular free wall junction. Maximum dV/dt values of this magnitude, although more typical of Purkinje than of ventricular muscle fibers, are nevertheless still within the observed range of values for ventricular muscle fibers (32) . The configuration of the action potential of such cells was otherwise typical of ventricular muscle fibers. In addition, the cells in question did not demonstrate other characteristics of Purkinje fibers (32) such as the ability to undergo spontaneous phase 4 depolarization either after cessation of stimulation or in response to epinephrine (2.0 Mg/ml).
The time course of repolarization of action potentials from subendocardial and deep myocardial cells in the papillary muscle slices (Figs. 2, 5 ) was entirely comparable to that of typical muscle cells on the endocardial and epicardial surfaces of the standard preparations (Figs. 2, 3 ). Repolarization was characterized by a rapid initial phase (phase 1), which terminated in a notch, approximately 10 msec following its onset, at a transmembrane potential level usually between +5 and +20 mv. The notch was engendered by a brief period of depolarization before initiation of the slow repolarization phase (phase 2). This phase, in turn, was followed by a phase of rapid repolarization (phase 3) which restored the transmembrane potential to the resting value (phase 4). The transition between phases 2 and 3 was gradual; it usually occurred between -30 and -50 mv. Action potential duration was defined in terms of the time required for repolarization to -40, -60, and -80 mv at a cycle length of 630 msec. Table 1 shows average repolarization times for cells in dif-msec 100 mv ferent zones of the papillary muscle slices and in conventional surface preparations. The ranking in terms of longest to shortest action potential duration for all degrees of repolarization was (1) deep myocardial zone cells, (2) subendocardial zone cells, (3) endocardial surface cells, and (4) epicardial surface cells. Differences in action potential duration between papillary muscle slice cells and cells from standard surface preparations were significant at P < 0.05 levels. Action potential duration in all cells was related to the cycle length of stimulation. Figure 6 shows that action potential duration of cells from all zones shortened with decreasing cycle length. The magnitude of the differences in action potential duration between cells in the same zones and in different zones also depended on the cycle length. Usually, differences between average action potential duration of cells in the same zones and in different zones decreased with shortening and increased with prolongation of the cycle length. Action potential duration in cells from all tissue zones also shortened in response to increases in 220-
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Graph of the relationship between cycle length and action potential duration (APD) in terms of time required to repolarize to -60 mu for cells in the deep myocardial zone {open circles) and subendocardial zone (open squares) of papillary muscle slice preparations and endocardial (crosses) and epicardial (open triangles) surface cells in standard preparations. Vertical lines indicate SE. Action potential duration shortened with decreasing cycle length of stimulation in all tissue zones. Shortening of the cycle length also resulted in diminution of differences in action potential duration between cells within a given tissue zone and differences in duration between cells in different tissue zones.
See text for further discussion.
EVALUATION OF CONDUCTION
Interelectrode Conduction Time.-Interelectrode conduction times were determined between recording sites which were 5 mm apart and in line with the stimulating electrodes. Figure 7 shows diagrams depicting stimulating and recording sites in a papillary muscle slice and in standard surface preparations together with representative records showing typical conduction times between selected recording sites in different zones. The conduction times of 14 msec between two endocardial recording sites (Fig. 7A ) and 18 msec between two epicardial sites (Fig. 7B ) in standard preparations were considerably longer than those between two comparably spaced subendocardial zone sites (9 msec) ( Fig. 7C ) or between two deep myocardial zone sites (3.5 msec) ( Fig. 7D ) in the papillary muscle slice. Thus, conduction in surface layers of standard preparations appears to differ significantly from that in subendocardial and deep myocardial layers in the papillary muscle slice.
Determinants of Conduction.-Apparent differences in conduction between surface and deep cell layers presumably reflect underlying differences in electrophysiological properties of the component cells, in fiber geometry, or in both. The more negative resting potential and the larger, more rapidly rising action potentials recorded from subendocardial and deep myocardial zone cells in papillary muscle slice preparations compared with those recorded in cells from standard surface preparations are factors that would predispose the subsurface layers to more rapid conduction.
The possible roles of membrane responsiveness and fiber geometry (36) were also considered. Figure 8 shows curves relating the average level of membrane potential at the moment of excitation and the average maximum dV/dt of the resultant responses for cells in the different myocardial zones, i.e., the average responsiveness curves for endocardial and epicardial cells in standard surface preparations and those for subendocardial and deep myocardial zone cells in the papillary muscle slices. The curves that define responsiveness characteristics of cells in the papillary muscle slice are shifted up and to the left compared with the curve for surface cells in the standard endocardial preparation. A similar but less pronounced shift was observed for epicardial surface cells. In addition, both the slopes of the responsiveness curves and the magnitude of the maximum dV/dt attained were greater in the papillary muscle slice cells. There was no difference in slope or position of the responsiveness curves between subendocardial and deep myocardial zone cells in the papillary muscle slices. The larger average maximum dV/dt exhibited by the deep myocardial cells appears to be the only difference in responsiveness characteristics between the two zones. The minimum membrane potential at which a response could be elicited. -57 to -63 mv, did not vary significantly between tissue zones. Recent studies by Cranefield et al. (37, 38) and Wit et al. (39, 40) have reemphasized the interrelationship between fiber geometry and conductivity. Therefore, the possibility that enhanced conductivity in the subendocardial and deep myocardial zones of the papillary muscle slice is related to the more parallel fiber arrangement in these zones compared with that in the surface layers of the standard preparations was assessed by comparing estimates of conduction velocity made when the recording electrodes were placed parallel and perpendicular to the longitudinal axis of the muscle fibers in the deep myocardial zone of the papillary muscle slices. Figure 9A shows action potentials from two recording sites in the deep myocardial zone that were approximately 5 mm apart and parallel to the longitudinal direction of fiber arrangement; interelectrode conduction time was 3.5 msec. Figure 9B shows action potentials from two recording sites in the same preparation that were 5 mm apart and perpendicular to the long fiber axis; interelectrode conduction time was 15 msec. Thus, much shorter interelectrode conduction times were observed for impulses spreading longitudinally.
SPONTANEOUS ACTIVITY
Standard epicardial preparations were quiescent, but standard endocardial preparations and papillary muscle slices demonstrated spontaneous activity ranging from 0 to 10 beats/min. Purkinje fibers on the endocardial surfaces of both types of preparations underwent spontaneous phase 4 depolarization at rates comparable to the spontaneous beating. Cells in subendocardial and deep layers did not exhibit spontaneous phase 4 depolarization after stimulation was stopped or after exposure to epinephrine (2.0 /ug/ml).
CHARACTERISTICS OF TRANSMURAL SLICES FROM VENTRICULAR AREAS OTHER THAN PAPILLARY MUSCLE
The utility of the tissue slice technique for electrophysiological studies on ventricular muscle from sites other than papillary muscles was assessed in specimens of right and left ventricular free wall and interventricular septum. Occasional cells exhibiting normal electrophysiological characteristics were found in specimens from all of these regions (Fig. 10A) . The majority of impalements, however, either failed to reveal viable cells or revealed cells with low resting potential, decreased action potential amplitude, and low maximum dV/dt (Fig. 10B) . Microscopic examination in the tissue bath revealed that more normal cells were usually located in parallel fiber strands similar to those seen in papillary muscle slice preparations. Nonviable or depressed cells were found in regions of the slice where the surface was ragged and fiber arrangement appeared irregular. Action potentials were usually recorded from subsurface cells rather than from surface cells in such regions because surface cells were generally nonviable. As a further test of the hypothesis that parallel slicing minimized injury, the papillary muscle was cut perpendicular to its longitudinal axis. The resultant slice exhibited both a ragged microscopic appearance and transmembrane potentials similar to those recorded from depressed fibers in free wall and septal slices (Fig. 10C) . Transmembrane potentials simultaneously recorded from two microelectrodes placed 5 mm apart and in line with the stimulating electrodes in the deep myocardial zone of a typical papillary muscle slice show the influence of fiber geometry on interelectrode conduction time (CT). Interelectrode conduction time was shorter and calculated conduction velocity was more rapid when the microelectrodes were positioned parallel to the long fiber axis (.5 mm in 3.5 msec or 1.4 mlsec) than when they were positioned perpendicular to that axis (5 mm in 15 msec or 0.3 m/sec). See text for further discussion.
Discussion
VALIDITY OF USING PAPILLARY MUSCLE SLICES FOR ELECTROPHYSIOLOGICAL STUDIES OF INTRAMURAL CELLS
A tissue slicing technique that exposes, in parallel array, intramural cells in the papillary muscle for electrophysiological study has been described. Electrophysiological characteristics of the intramural cells were normal. If the slicing procedure had resulted in significant injury to the intramural cells, then values for the measured electrophysiological parameters would have been diminished compared with those for surface cells in standard preparations. No such evidence of injury was found. If anything, cells in the papillary muscle slice appeared to be in better electrophysiological condition than did surface cells. This finding was not entirely unexpected because of the known healing properties of cardiac cells. Injury potentials due to sectioning decline within 2 minutes in sheep Purkinje fibers (13) and within 12 minutes in toad ventricular myocardium (14) . Although comparable data are not available for the canine ventricular myocardium, similar healing properties are suggested by suction-electrode studies. Monophasic potentials created by suction injury usually decline to zero within 20 minutes after the initial application of the electrode (41 and Solberg, unpublished observations). Transmembrane potentials recorded from cells in a left ventricular free wall slice (A and B) and in a papillary muscle slice cut perpendicular to the long axis of the component fibers (C). Records in A were taken from cells in the region of the free wall exhibiting a parallel fiber arrangement; note the normal potentials. Records in B were taken from cells in a closely adjacent region in which the surface appeared ragged and fiber arrangement was irregular; note the altered electrophvsiological characteristics of cells in B and C. Values for resting potential (E r ), action potential amplitude (AP amp), maximum upstroke velocity (dV/dt) of phase 0 of the action potential, and action potential duration (APD), i.e., time to repolarize to -60 mv, for each cell are given in an accompanying table.
Transmural slices prepared from specimens of the right and the left ventricular free wall and the interventricular septum were also examined to assess the applicability of this technique to tissues other than papillary muscles. Although occasional cells exhibited normal transmembrane potentials, most cells were abnormal with loss of resting potential, diminished action potential amplitude and maximum dV/dt, and shortened action potential duration (Fig. 10) .
The causes underlying the differences between the papillary muscle slices and the transmural slices prepared from other parts of the ventricle are not fully understood. Differences in fiber geometry relative to the plane of cutting represent one possible cause. Cuts made parallel to the long axis of component muscle fibers inflict less severe damage and injure fewer cells than do cuts made perpendicular to that axis. Therefore, cuts made along the longitudinal axis of papillary muscles and small muscle bundles should minimize damage, since a parallel fiber arrangement exists in these structures (15) . Most cardiac muscle, however, is arranged in crossing layers of spiraling fibers (42) which are difficult to section longitudinally. In fact, low-power microscopic examination of the ventricular slices from the free wall and the interventricu-lar septum revealed that electrophysiologically normal cells were confined to regions exhibiting a parallel fiber arrangement. Depressed cells, on the other hand, were found in areas where the surface was ragged and fiber arrangement appeared irregular. Presumably, findings of occasional normal fibers in the free wall and the septal slices resulted from fortuitous slicing of an area in which the axis of the cells was parallel to the plane of cutting, thus providing minimal damage.
DATA COMPARISONS
Standard Preparations.-Transmembrane potentials recorded from ventricular muscle cells in standard endocardial and epicardial surface preparations were qualitatively and quantitatively similar to those reported by other investigators (32, 43, 44) . That the measured electrophysiological values were in the low to the middle range of previously reported means (Table 1) presumably reflects differences in the [K + ] o , i.e., 4 mM K + as opposed to 2.7 mM K + (32, 42, 43) . Examination of the known relationship between resting potential and [K + ] o (31) supports the hypothesis that increases in [K + ] o result in reductions in resting potential (Table 1 ). Observed differences in action potential amplitude, maximum dV/dt, and action potential duration are, in turn, explicable in terms of the differences in resting potential and the action of K + on the time course of repolarization.
Papillary Muscle Slices us. Standard Preparations.-Transmembrane potentials recorded from subendocardial and deep myocardial cells in the papillary muscle slices were comparable in appearance to those from surface cells in standard preparations. However, the average magnitudes of the measured electrophysiological characteristics were consistently greater in the former than in the latter: i.e., resting potential was 2-4 mv more negative, action potential amplitude was 7-9 mv larger, and maximum dV/dt was 40-140 v/sec larger. The reasons for the electrical differences between the papillary muscle slice and standard preparations are not entirely clear. The observed differences could reflect the presence of specialized intramural fibers within the papillary muscle slice that differ from surface fibers. Also, electrophysiological differences between cells in the two types of preparations could result from differences in local environmental conditions. The large amount of connective tissue on the endocardial and epicardial surfaces probably diminishes perfusion and impairs elimination of metabolic waste products from subendocardial and deep myocardial cells in standard preparations to a greater extent than it does from corresponding cell layers of the papillary muscle slice. The connective tissue could diminish outward diffusion of K + released by the underperfused cells. Therefore, higher local concentrations of K + accumulate about cells in standard preparations compared with those which accumulate about cells in the papillary muscle slice. The endocardial Purkinje fibers, which have been shown to be electrically isolated from the adjacent ventricular muscle by a connective tissue sheath, also could contribute to the formation of a diffusion barrier in standard preparations. Although efforts were made to minimize the effects of such barriers by trimming surface preparations as thin as possible to decrease the amount of underperfused tissue and by rapidly perfusing the small tissue bath with well-oxygenated Tyrode's solution to facilitate the loss of waste products, complete elimination of these factors is probably not possible. Exposure of the deep cells in the tissue slice, however, permits rapid diffusion of all ions and metabolites. Therefore, the papillary muscle slice appears to represent a more physiological model for electrophysiological studies on ventricular muscle than does the conventional surface preparation.
INTRAMURAL CONDUCTION
Determinations of conduction velocity and activation sequences have been made for the in situ dog heart by a number of investigators, who have reported values with considerable variability. Lewis et al. (45) , using analyses of epicardial electrograms, have described the spread of activation from the endocardium to the epicardium at a uniform rate of 0.3-0.4 m/sec. Multipolar plunge-electrode studies by Scher and Young (4, 9) , Durrer et al. (3, 5, 11) , and others (6-8) have generally corroborated these findings. Burch et al. (10) , on the other hand, recently reported considerable differences in conduction velocity between the endocardium (0.3 m/sec) and the deep layers (1.0 m/sec) of the papillary muscle; similar findings were also reported by Daniel et al. (12) . Our own estimates of conduction velocity, which were derived from the measurement of interelectrode conduction time, confirm more rapid conduction in the deep myocardial zone of the papillary muscle slice (1.4 m/sec) compared with that in the surface layers (0.4 and 0.3 m/sec for the endocardium and the epicardium, respectively) when recording electrodes are positioned parallel to the long axis of the muscle fibers. (Interelectrode conduction time can only serve as a rough index of conduction velocity because of uncertainties about the actual path of spread between two recording sites. Interelectrode conduction time is considered an accurate reflection of conduction velocity only when impulse spread between two sites follows a straight line path. However, uncertainty about the path of impulse spread does not detract from the observation of rapid intramural conduction, because the experimental method cannot result in overestimation of conduction velocity.)
Excitation of the papillary muscles or the larger trabeculae represents an exception to the general rule of endocardial-to-epicardial spread of excitation. Activation of these sites is initiated intramurally and spreads bidirectionally toward both the endocardial and the epicardial surfaces, i.e., the reversal phenomenon (4, 5, 10, 46, 47) . This phenomenon is readily explained by our finding of rapid intramural spread of excitation and by findings of others (12, 33, 48) that, although the anatomical Purkinje-papillary junction is found at the tip, the actual electrophysiological junction is at the base with resultant early activation of the latter. Activity initiated at the base of the papillary muscle should result in an endocardial and a deep spread of activation. The more rapid conduction in ELECTRICAL PROPERTIES OF INTRAMURAL CELLS 7 9 5 deep myocardial zones compared with that in superficial myocardial zones would then facilitate rapid spread of activation toward the tip.
POSSIBLE CAUSES OF RAPID INTRAMURAL CONDUCTION
The reasons for differences in conduction velocity between surface and deep cell layers are not entirely clear. Differences in fiber geometry between the deep zone in which the fibers are arranged parallel to the long axis of the papillary muscle and the surface and subendocardial regions in which the fiber arrangement is less parallel to the long axis represent one possible reason. Support for this reason was provided by the finding of more rapid intramural conduction in papillary muscle slices in which the recording electrodes were positioned parallel to the long fiber axis (1.4 m/sec) compared with that in the regions in which the electrodes were positioned perpendicular to that axis (0.3 m/sec). Sano et al. (36) estimated that conduction velocity was two to ten times faster in endocardial and epicardial muscle strips when the recording electrodes were parallel to the long fiber axis than when they were perpendicular to that axis; their findings also emphasize the importance of fiber geometry. Rapid conduction (0.9-1.0 m/sec) in small trabeculae carnae (32) in which fiber arrangement is parallel to the long axis of the muscle is further evidence of the importance of fiber geometry.
Our own findings that estimated conduction velocity was as rapid in the deep myocardial zone when recording electrodes were positioned perpendicular to the long fiber axis (0.3 m/sec) as it was in the surface tissues when the electrodes were positioned parallel to the fiber axis (0.4 and 0.3 m/sec for endocardium and epicardium, respectively) indicate that factors other than fiber geometry also may contribute to differences in estimated conduction times. More specifically, if estimated conduction velocity solely depended on fiber geometry, then velocity in all zones would be comparable when recording electrodes were similarly positioned with respect to fiber axis. Differences in electrophysiological characteristics between surface and deep myocardial cells represent one possible additional factor underlying more rapid intramural conduction. The more negative resting potential, high average maximum upstroke velocity, and enhanced responsiveness exhibited by the deep cells would augment the enhancement of conductivity resulting from the parallel fiber arrangement. A third possibility, namely that a larger cell diameter contributes to more rapid conduction in the deep zone, cannot be excluded. However, there have been no reports of cells with large diameters in this region.
Purkinje fiber penetration or the existence of Purkinje-like cells in the subendocardial and the deep myocardial zones represent still other possible factors which could underlie enhanced intramural conductivity (4, 5, 10) . Deep Purkinje fiber terminations, although clearly present in the ungulate heart (42, 49) , have not been demonstrated in the dog (42) . Our failure to find clear-cut electrophysiological evidence of Purkinje fiber activity in the deep myocardial tissue agrees with anatomical findings. The only finding that suggested Purkinje activity in the deep myocardial zone was the presence of cells with high maximum dV/dt, i.e., dV/dt in excess of 400 v/sec. These cells, however, did not exhibit any other electrophj'siological characteristics typical of Purkinje fibers including prolonged phase 2 repolarization (plateau), sharp transition or shoulder between phase 2 and phase 3 repolarization, or spontaneous diastolic depolarization. The possibility that the cells in question represent transitional fibers cannot, however, be excluded. The tendency for these cells to be located principally at the base of the papillary muscle in the vicinity of the Purkinje-muscle juncture provides some support for this view.
Finally, the possibility that the cells in question represent a separate functional type also deserves consideration. Despite the absence of histological evidence of myocardial cell subgroups (42) , it is conceivable that electrophysiologically specialized groupings that exhibit characteristics conducive to rapid conductivity might occur. Clustering of such cells into discrete pathways similar to the internodal paths in the atrium (50, 51) would further facilitate fast conduction. The possible existence of such a unique fiber type, its electrical properties, and its anatomical characteristics merit further investigation.
POTENTIAL USES OF TISSUE SLICE TECHNIQUE
The availability of a method for exposing all muscle layers from the endocardium to the epicardium for glass microelectrode examination should facilitate and accelerate the development of the electrophysiological information necessary for an improved understanding of ventricular function under both normal and pathological conditions. The major limitation is that the applicability of this technique is largely restricted to tissues in which fibers are arranged parallel to the long axis of the specimen, principally the papillary muscles and the small trabecular muscles. The applicability of the 7 9 6 SOLBERG. SINGER. TEN EICK, DUFFIN method to specimens that exhibit a more random fiber arrangement is confined to studies on individual cells which have escaped injury. Despite this limitation, the method in this study provided information pertinent to an understanding of ventricular conduction and the sequence of ventricular activation in the normal dog heart. It has also permitted delineation of the electrophysiological sequence of experimentally induced ischemia and infarction and of changes which predispose the heart to ischemic dysrhythmias (52, 53 and Solberg, unpublished observations). This method may also be applied to studies of the effects of physiological and pharmacological interventions that influence the electrical properties of the ventricle. Finally, glass microelectrode studies on human cardiac tissues have been greatly hampered by the fact that the fibrotic character of specimens obtained at the time of open heart surgery often precludes successful impalement of surface cells. The technique presented in this paper should greatly facilitate studies on such specimens and thus enhance efforts to define the electrophysiological and pharmacological properties of the human heart.
